Matrix M protein combined with nucleocapsid N protein could be a promising combination of virus antigens for diagnosing the porcine reproductive and respiratory syndrome. The goal of this work was to express the recombinant M protein of the porcine reproductive and respiratory syndrome virus in Escherichia coli cells and compare its serological reactivity with the N protein of the virus. The gene coding for the M protein was cloned into the pDest17 vector. The resulting protein was purified by metalochelating affinity chromatography. Recombinant M protein was applied as an antigen in immunoblot test and compared on a panel of porcine sera with N protein based IDEXX test. Of 120 examined samples, the majority (78.3%) gave identical results using both compared tests. From the group of discrepant results, IDEXX test identified considerably more positive sera (17.5%) than M protein based test (4.2%). The main contribution of the work is finding that although IDEXX test proved to be more sensitive than M protein based test, 4.2% of sera would escape detection by serological test based on N protein. Further development and purification of the M protein for the use in Enzyme Linked Immunosorbent Assay format test could increase the performance of serological testing.
The porcine reproductive and respiratory syndrome virus (PRRSV) causes one of the most threatening diseases for pig industry world-wide. Infection of pigs by PRRSV is characterized by late-term abortions, high incidence of stillborn and mummified piglets, and respiratory disorders in suckling, weaned, and growing pigs (Hopper et al. 1992; White 1992) .
The porcine reproductive and respiratory syndrome virus is a small, enveloped virus with positive-strand ribonucleic acid (RNA) molecule of approximately 15 kb in length and has been classified in the genus Arterivirus, family Arteriviridae, in the order Nidovirales (Conzelman et al. 1993; Cavanagh 1997) . Its genome includes ten overlapping open reading frames 1b, 2a, 2b, 3, 4, 5a, 5, 6 , and 7, coding appropriate viral proteins. The virus particle contains three major structural proteins, a glycosylated envelope protein (GP5) of 25 kDa, an unglycosylated membrane protein (M) of 18 kDa, and nucleocapsid protein (N) of 15 kDa, encoded by ORFs 5, 6 and 7, respectively (Meulenberg et al. 1993; Meulenberg et al. 1995b; Meng et al. 1996; Wu et al. 2001) .
Infection of pigs by the PRRS virus induces the production of PRRSV-specific antibodies. First produced are antibodies directed against the nucleocapsid protein N, followed by antibodies against the membrane protein M, and the last produced are antibodies directed against the envelope protein GP5. Antibody response to N and M proteins is stronger than to the GP5 protein (Nelson et al. 1994) .
At present, several Enzyme Linked Immunosorbent Assay (ELISA) tests are commercially available to diagnose the disease. Serological diagnostics of PRRS infection are mostly based on the virus nucleocapsid protein because specific antibodies against the N protein are produced early during a PRRS infection in high titres (Meulenberg et al. 1995a) . Nonetheless, serological tests based on the N antigen frequently display nonspecific reactivity leading to inaccurate diagnosis. A combination of tests based on different antigens would therefore be beneficial to improve the accuracy of PRRS diagnostics. The M protein is one of the most conserved structural proteins of the PRRS virus (Kapur et al. 1996) . Antibodies specific to the M protein are abundantly expressed in vivo and appear early in the course of infection similarly as antibodies against the nucleocapsid protein (Meng et al. 1995; Loemba et al. 1996) .
The inclusion of M protein in serological diagnostic tests could considerably increase the specificity and sensitivity of the diagnostic tests used. The main reason why this protein is not practically used in routine diagnostics are the difficulties in its recombinant expression. M protein is highly hydrophobic, moreover it contains high incidence of aminoacid residues which display a significant difference in codon usage between viral and prokaryotic organisms. Appropriate tRNAs are thus rare in Escherichia coli cells and their depletion usually leads to a premature termination of proteosynthesis. Even in the yeast expression systems, the expression of M protein is difficult and results in a very low yield (Qian et al. 2003) .
The aim of this work was to express the M protein in E. coli cells and to determine its diagnostic value on a panel of pig sera with a known PRRS status. Recombinant M protein could also be used for further PRRSV studies or in development of serological diagnostic assays.
Materials and Methods

Serum samples
Evaluation of serological reactivity of the recombinant M protein of the PRRS virus and comparison of sensitivity and specificity of serological test was performed on a panel of 120 swine sera originating from farms with different statuses to PRRS infection.
Blood samples were collected from nine farms from May 2006 to January 2009. All sera including control positive and negative sera were checked for PRRS specific antibodies by ELISA test HERDCHEK* PRRS X3 (IDEXX Laboratories, Inc., Maine, USA).
Cloning and expression vector construction
For the cloning of the PRRSV ORF 6 gene, appropriate gene fragment was amplified from the genomic RNA of the vaccine virus strain -Porcilis ® PRRS (Intervet International B. V., Boxmeer, The Netherlands) by polymerase chain reaction (PCR). Viral RNA was extracted by NucleoSpin ® RNA II kit (MACHEREY-NAGEL GmbH & Co. KG, Büren, Germany), according to the instructions of the manufacturer. Resulting RNA was eluted in RNasefree water and immediately used for amplification by QIAGEN ® OneStep RT-PCR Kit (QIAGEN GmbH, Hilden, Germany).
Primers were designed according to sequences of genotype I PRRS virus published in the GenBank (Meulenberg et al. 1993) . Primers were designed so that the sense primer contained CACC sequence allowing directional TOPO cloning into pENTR TM /SD/D-TOPO ® Vector (Invitrogen, Carlsbad, California, USA). Stop codon was included within the antisense primer. The ORF 6 gene was amplified using sense CACCGGAGGCCTAGACGATTT and antisense primer TTACCGGCCATACTTGACGAGG. In order to verify specificity and correct orientation of the cloned insert, both strands of pENTR TM Vector were sequenced using M13 primers (Macrogen Europe, Amsterdam, Netherlands). Resulting deoxyribonucleic acid (DNA) sequences were analyzed using the software Geneious 9.0.5.
For expression, the ORF 6 gene was subcloned from pENTR TM Vector to pDest17 TM Gateway ® Vector (Invitrogen, Carlsbad, California, USA) by site-specific recombination according to the manufacturer's instructions. Transcription and translation of recombinant proteins in pDest17 TM vector was under the control of bacteriophage T7 transcription and translation signals. A DNA insert was positioned downstream and in frame with a sequence that encoded the N-terminal polyhistidine.
Protein expression
Expression studies were done in different E.coli strains: BL21-CodonPlus (DE3)-RIPL (Stratagene, La Jolla, CA, USA), BL21(DE3)pLysS (Invitrogen, Carlsbad, California, USA), BL21(DE3)pLysE (Invitrogen, Carlsbad, California, USA) and BL21-AI (Invitrogen, Carlsbad, California, USA) chemically competent cells. Randomly chosen colonies of bacteria cells were cultivated in 20 ml LB-medium supplemented with antibiotics (100 µg/ml ampicillin and 50 µg/ml chloramphenicol for RIPL cells, 100 µg/ml ampicillin and 34 µg/ml chloramphenicol for pLysS and pLysE cells or 100 µg/ml ampicillin for BL21-AI cells). The expression of recombinant protein was induced by adding isopropyl-β-D-thiogalactoside (IPTG) to a final concentration of 1 mM (RIPL, pLysS, and pLysE cells) or 0.02% L-arabinose (BL21-AI cells) for 4 h at 37 °C. Aliquots of 300 µl of different bacterial clones were analyzed by SDS-PAGE to estimate protein expression.
For large-scale expression, a fresh overnight culture of E. coli cells carrying recombinant plasmid was diluted 1:50 in 2 l of fresh LB-medium supplemented with 100 µg/ml ampicillin and 50 µg/ml chloramphenicol and grown to optical density OD 600 0.5 at 37 °C at a shaking speed of 250 rpm. The expression of recombinant protein was induced by 1 mM IPTG for 4 h at 37 °C. Cells were then pelleted at 4 500 g for 15 min. The pellet was stored at -20 °C until use.
Purification of recombinant M protein
Recombinant M protein was purified by immobilized-metal affinity chromatography (IMAC) using polyhistidine tag from insoluble fraction of bacterial lysate under denaturing conditions.
Bacterial cell pellet was resuspended in 40 ml of Tris lysis buffer (20 mM Tris pH 7.8, 1 M sodium chloride and 0.1% Tween 20) with 100 μg/ml lysosyme. The cells were disrupted by five sonication cycles (40% amplitude, 25 s each) separated by 2 min intervals on ice to avoid heating of the material. Inclusion bodies were separated by centrifugation (4 700 g/25 min) at 4 °C. Pellet was resuspended in 40 ml of denaturing Tris buffer (20 mM Tris pH 7.8, 1 M sodium chloride, 0.1 % Tween 20 and 8 M urea) supplemented by 5 mM imidazole and incubated for 1 h. Recombinant M protein was purified from contaminating proteins using Ni-NTA Agarose (QIAGEN GmbH, Hilden, Germany) column. The column was loaded with bacterial lysate with Ni-NTA Agarose and allowed to pass through. Washing was performed using 100 ml of denaturing Tris buffer containing 20 mM imidazole. Bound protein was eluted using denaturing Tris buffer with 300 mM imidazole in a total volume of 10 ml. The eluate was collected in 1 ml fractions.
Aliquots of the protein were run on sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) to analyze their purity. The concentration of recombinant protein was determined spectrophotometrically (OD 280 ). Fractions containing the pure M protein were pooled and stored at -20 °C until used.
SDS-PAGE and immunoblot
Analyzed aliquots of bacterial cell lysate or recombinant protein were mixed with a Laemmli sample buffer and heated to 95 °C for 4 min. Protein mixture was then separated on a 12% resolving and 4% stacking polyacrylamide gel in Tris-glycine buffer and stained with Coomassie Brilliant Blue. For immunoblotting, separated proteins were blotted onto the nitrocellulose membrane (110 V for 1 h at 4 °C).
The presence of recombinant protein was determined by incubation with monoclonal anti-poly histidine antibody (Sigma-Aldrich, Saint Louis, Missouri, USA) diluted 1:3 000 in T-PBS (phosphate buffered saline with 0.5 M sodium chloride and 1% Tween 20) with 3% nonfat dry milk.
Purified recombinant protein was applied as antigen in immunoblot for detection of M specific antibodies in swine sera. Nitrocellulose strips were blocked with 3% nonfat dry milk in phosphate buffered saline (PBS) pH 7.3 for 1 h and then incubated with PRRSV positive or negative sera diluted 1/400 in T-PBS with 3% nonfat dry milk for 1 h. Bound antibody was detected by incubation with anti-pig IgG conjugated with alkaline phosphatase (Sigma-Aldrich, Saint Louis, Missouri, USA) diluted 1:30 000 in T-PBS with 3% nonfat dry milk for 1 h. The reaction was then made visible with a BCIP ® /NBT Solution (Sigma-Aldrich, Saint Louis, Missouri, USA). Serum was identified as negative when no visible colour signal was observed on nitrocellulose strip.
Serological reactivity of M protein
All tested swine sera were examined by ELISA test HERDCHEK* PRRS X3 (IDEXX Laboratories, Inc., Maine, USA) according to the manufacturer's instructions to determine their PRRS true status. Subsequently all sera were examined by recombinant M protein based immunoblot to evaluate diagnostic sensitivity and specificity of recombinant antigen.
Results
Cloning and expression vector construction
The 522 bp long fragment of ORF 6 gene was RT-PCR amplified from genomic RNA of PRRS virus strain and successfully cloned into pENTR TM Vector by TOPO cloning. Resulting DNA construct was sequenced to ensure correct orientation of cloned DNA fragment. Then, the ORF 6 gene was transferred from pENTR TM Vector to pDest TM 17 Vector to generate the expression vector.
Protein expression and purification
Expression of the recombinant membrane protein was tested in four different E. coli strains: BL21-CodonPlus (DE3)-RIPL, BL21(DE3)pLysS, BL21(DE3)pLysE and BL21-AI cells. The M protein was successfully expressed in BL21-CodonPlus (DE3)-RIPL competent cells only.
Molecular weight of the expressed recombinant M protein was estimated to be 21 kDa (with N´ terminal polyhistidine). SDS-PAGE analysis has shown that the recombinant protein of expected size was expressed following induction (Fig. 1) . Large volume production of recombinant protein was expressed in BL21-CodonPlus (DE3)-RIPL E. coli cells. Recombinant protein was present in the insoluble fraction of bacterial cells only.
Protein was purified from insoluble fraction of bacterial lysate under denaturing conditions (8 M urea) using Ni-NTA Agarose. The yield of recombinant M protein was 4 mg/l of bacterial culture.
Serological reactivity of M protein
Recombinant M protein of the PRRS virus was used as antigen in immunoblot for detection of PRRSV specific antibodies in the swine sera. The amount of protein used per membrane stripe was 0.24 μg. Positive and negative control sera were regularly included in the testing schedule. A total of 120 swine sera from PRRSV-positive and PRRSV-negative farms were examined by M protein immunoblot and the comparison with PRRS status determined by IDEXX test is summarized in Table 1 . Both used tests gave identical results (positive or negative) in 94 serum samples (78.3%). Fifty-five (45.8%) samples were identified as positive by both tests, 39 (32.5%) negative by both tests. Twenty-six of the tested sera (21.7%) gave discrepant results.
Discussion
Serological tests for PRRS diagnostics are in a majority of cases based on the nucleocapsid N protein. Although the PRRS virus nucleoprotein alone is considered as a reliable antigen, in some cases nonspecific reactions can be seen and enrichment of serological testing by additional antigens could be beneficial. Serological tests never reach 100% accuracy, and the PRRS ELISA tests are no exception. In populations of negative pigs, even 1% of positive animals misdiagnosed by the ELISA test lead to considerable economic impacts.
The M protein is an abundant component of PRRS virus membrane proteins and a serological diagnostic test based on this virus antigen could considerably increase the specificity and sensitivity of used diagnostic tests. The aim of our work was to express the M protein in E. coli cells and to compare its diagnostic value with tests based on the nucleocapsid protein as the antigen.
The possible advantage of using this particular virus structure is that it is considered as a highly conserved structural protein of the PRRSV (Meng et al. 1995) . Moreover, antibodies against the M protein appear approximately within two weeks after PRRS infection (Loemba et al. 1996; Plana Duran et al. 1997; Kwang et al. 1999) .
As the M protein is not glycosylated, expression in the E. coli system offers a possibility of easy and relatively cheap production of a suitable amount of recombinant protein.
Because of the hydrophobic nature of the M protein molecule which contains three transmembrane segments, 84-residue C-terminal endodomain, and a high percentage of aminoacids using rare tRNAs for translation (arginine and other amino acids with different codon biases), expression was performed in different E. coli cells. Expression in our experiments has reached 4 mg/l of bacterial culture in E. coli BL21-CodonPlus (DE3)-RIPL cells only. We can thus conclude that a successful expression of the M protein depends on the supply of rare tRNAs. The expression in other cells leads to the exhaustion of the intracellular pool of rare tRNAs and to a premature termination of the nascent polypeptide chain.
Because of the hydrophobic nature of M protein, expression in other expression systems could be beneficial. Nonetheless, attempts to express the M protein in the baculovirus were not successful (Plana Duran et al. 1997) or the protein was expressed in a very limited amount (Kreutz and Mengeling 1997) . Even in the Pichia pastoris cells the expression of M protein is difficult and results in a very low yield. Only substantial changes of the genetic code allowed a high expression of the M protein (Qian et al. 2003) .
To assess the potential of the diagnostic use of the M protein, diagnostic sensitivity and specificity was compared with a commercially available ELISA test based on the traditional nucleocapsid protein of PRRS virus. The low yield of recombinant protein caused insufficient purification level for use in ELISA test and therefore, immunoblot was used for the M protein evaluation.
Of the 120 examined samples, the majority (78.3%) gave identical results using both compared tests. M protein based test (4.2 %). The sensitivity of N based ELISA test is thus higher compared to immunoblot; on the other hand, immunoblot is usually considered as highly specific. Although the difference between sensitivities of both tests is most likely due to the generally higher sensitivity of ELISA tests, part of IDEXX test positive and M protein negative results can be attributed to a better performance of the nucleocapsid virus protein as antigen in IDEXX test. Antibodies against N protein are elicited early in the course of infection and can be detected as early as one week following infection (Loemba et al. 1996) . In our study, sera originated from swine farms with different PRRS status and most likely at least part of the animals were infected only recently and were thus showing only N-specific antibodies.
Furthermore, N protein is the most abundant (Meulenberg et al. 1995b; Dea et al. 2000) and most immunogenic viral protein which also accounts for the better results obtained by IDEXX ELISA test.
Despite this, more than 4% of sera were found to be positive by the M protein but negative by ELISA test which represents 19% of sera from the group with discrepant results. These positive animals would escape detection by a routine ELISA test check. Further development of the M protein antigen for use in ELISA format test could thus increase the performance of PRRS serological testing.
